In this presentation we discuss a new type of optical microscope that is capable of obtaining spectral and spatial information from biological tissue samples. The current system uses multiplexed volume holograms to probe multiple depths of a tissue sample without the need for scanning. This greatly simplifies the instrument and should allow it to be adapted for laproscopic applications. The technique can be combined with fluorescent dye markers to identify cancerous tissue.
INTRODUCTION
Ovarian cancer is the fifth leading cause of cancer-related death in US women, with 22,430 new cases and 15,280 deaths predicted in 2007 1 . The 5-year survival rate for ovarian cancer in the United States is only 30% 2 . The high prevalence of late-stage disease and the poor prognosis associated with these later stages are the major factors that give ovarian cancer such a dismal diagnosis. With our current screening and diagnostic abilities, 70% of women will be diagnosed with Stage III or IV disease (widespread intra-abdominal disease) and the majority of them will die of their disease. Thus, new technology capable of reliably diagnosing ovarian cancer in earlier stages could reduce the morbidity, reduce the high mortality, and reduce the large economic impact of this disease 3 . In many patients who are at risk of ovarian cancer, rigid endoscopes are used to examine suspect tissue areas. Therefore modifications to existing laparoscopes that increase sensitivity to cancer detection can be incorporated into existing examination procedures.
A variety of optical holographic methods have been considered for medical imaging applications [4] [5] [6] . The most recent candidates include optical scanning holography 7 , holographic optical sectioning 8 , and spectral decomposition holography 9 . One drawback of these methods is that a hologram must be recorded in situ to form an image. This constrains the conditions under which images can be obtained i.e. the object must be still within the distance of a wavelength during the recording time. Another issue is that many of these techniques require forming an interference pattern on the active area of a digital camera. Digital cameras have limited spatial resolution (~2-3 μm pixel size) which limits the type and quality of the holograms and resultant images that can be recorded.
In this paper we describe a different approach to subsurface tissue imaging called volume holographic spatialspectral imaging (VHI-S 2 ). The system is based on highly selective multiplexed holographic Bragg filters used in an optical imaging system in combination with a digital camera. Images are formed on the active area of the camera in the same manner as a conventional intensity imaging system i.e. an interference pattern is not formed on the camera. The lateral spatial resolution is determined by the imaging properties of a high NA microscope objective and depth resolution is determined by the selectivity of the hologram. The spectral properties of the hologram also determine the spectral resolution of the image. The primary component of the instrument is a pre-recorded multiplexed holographic Bragg filter. It is not recorded during the actual imaging process therefore stability and light control issues are greatly relaxed over other holographic imaging methods.
The use of volume holographic filters in imaging systems was first described by Barbastathis, et. al. 10 . In that paper, it was observed that a simple volume hologram, recorded by two plane waves, could act as a depth-selective element with background rejection properties. Therefore the volume hologram may be thought of as a component similar to a pinhole in a confocal microscope. The hologram however is much more general than a pinhole and can be configured to extract spatial as well as spectral information from an object. Table 1 shows a comparison of imaging modalities that are currently used clinically (transvaginal ultrasound and MRI) and experimentally (OCT and confocal microscopy) for imaging of the ovary, in comparison to the performance of the S 2 VHIS. Ultrasound and MRI have insufficient resolution to catch early cancers. OCT lacks the ability to sense fluorescence, which complicates development of contrast agents. Confocal microscopy is the most similar to S 2 VHIS, however S 2 VHIS allows both reflectance and fluorescence images, and multiple depth images, to be displayed simultaneously. In addition the probe for S 2 VHIS is considerably simpler, with no moving parts making it amenable to endoscopic versions for in-vivo imaging. Whole body Electronic
PRINCIPLE OF OPERATION
The key element in the S 2 -VHI system is a highly selective (or Bragg matched) multiplexed volume hologram. The S 2 -VHI system uses several unique features of the volume hologram to realize spatial and spectral imaging from different depths within the tissue sample. These include: A) the correspondence between the diffracted angle and wavelength in the image; B) high angular and wavelength selectivity; C) the ability to diffract light matched to a particular wavefront shape; and D) the ability to record multiple holographic gratings in the same recording material. A. Correspondence between angle and wavelength: This effect can be described using Figure 1 and the grating equation given by: Discrimination between wavefronts is maximized by increasing the curvature of the wavefront with a high NA microscope objective or by using a thicker holographic recording material. D. Recording multiple gratings in the same recording material: Holographic recording materials such as the pq-MMA polymer have a large recording grating strength. This is a property of the material that allows multiple gratings to be recorded with high diffraction efficiency. In the S 2 -VHI system a hologram is recorded by exposing the material to a wavefront originating from a source positioned at a distance Δz 1 from the focal point of a high NA lens with a planar reference wave at an angle θ i=1 relative to the normal direction to the hologram surface. A second exposure of the material is made with a beam from a source at a distance Δz 2 from the focal point of the lens with another planar reference wave at an angle θ i=2 relative to the hologram normal. After exposing the holographic material and it is processed, a set of holographic gratings is formed corresponding to the different interference patterns. When the hologram is placed back into the S 2 -VHI system and the tissue is illuminated, the illuminated tissue sample acts like a set of point sources that simultaneously illuminate the hologram. The holographic gratings are independently illuminated and diffract light into directions corresponding to the different plane wave angles (θ i=1 , θ i=2 ) used during the recording process. Therefore a different image projection is made with each Δz i location that was used as an object beam during the recording process. The diffraction efficiency of each holographic grating (η i ) and the total hologram with N gratings (η Total ) are measured respectively by:
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where P diff, i is the diffracted optical power of the i th grating, and P Inc, i is the incident optical power from a point source located at the same Δz i position used during recording. It should be noted that the total efficiency can be higher than 100% because each hologram is being reconstructed with a different source and diffracting into a different angle. The limitation to the diffraction efficiency in our case results from the material grating strength or available material response and not by a 1/N factor. This is demonstrated by noting that our experimental multiplexed hologram with five gratings (Fig. 13) has a combined diffraction efficiency (η Total ) of 162% (A parameter called the M# expresses the grating strength and total diffraction efficiency. The M# of our material is ). In the spatial-spectral volume holographic imaging system (S 2 -VHIS) the multiplexed hologram is used in a high resolution optical imaging system as illustrated in Figure 3 . If the object (i.e. tissue) is illuminated with monochromatic light, light returning from different depths within the tissue is diffracted to different positions on the camera. This occurs since light returning from a particular depth within the sample will form a distinct wavefront after passing through the objective lens and matches a particular holographic grating within the multiplexed hologram (property C described above). Therefore each depth is diffracted by the hologram in the direction of the particular reference beam that was used when the grating was recorded. Since the light is monochromatic only a stripe appears on the camera. The height of the object is not affected by the hologram because it does not diffract in the vertical direction. The height is determined by the field of view of the optics. When the illumination has a larger spectral bandwidth, as with an LED source or a fluorescent return, the anglewavelength matching property of the hologram (i.e. feature A described above) increases the lateral field of view of the system (i.e. many vertical stripes). Images from planes 1, 2, and 3 now extend in the lateral direction as shown in Figure  3 (lower). The resolution of the lateral image is high because of the high angle and wavelength selectivity of the volume holographic grating (i.e. property B). The number of depth sections is determined by the number of holographic gratings that can be multiplexed within the hologram (i.e. property D) and the number of fields that fit on the camera surface. 
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IMAGING RESULTS
In this section a variety of objects were imaged to illustrate the properties of the S 2 -VHI system. A five grating hologram was recorded with depth separation between images of 75μm. The holograms were recorded with 488 nm laser light and reconstructed with an LED having a nominal wavelength of 650 nm. Figure 5 shows the images obtained at five depths within an onion skin. Each image provides structure detail at the respective depth however the resolution is higher for the center image which corresponds to the planar grating. The other gratings are curved and suffer from aberrations caused by the mismatch between the construction and reconstruction wavelengths. We are currently investigating techniques for pre-aberrating the hologram to compensate for this effect 12 .
In many cases it is sufficient to examine only two depths within the tissue -at the surface and several cell layers ( 20 μm/cell ) below the surface. The images shown in Figure 6 were obtained with a S 2 VHI system with a two grating multiplexed hologram and a 30 nm bandwidth, 650 nm LED source. The image on the left is that of the mouse colon showing detail of the 25 μm crypts. The image on the right is that of an excised human ovary tissue sample. The images of mouse colon (left) have an object field of 0.41 mm × 2.00 mm; the images of human ovary (right) have a field of 0.41 mm × 1.60 mm. The depth separation between the two images is 63 μm. 
